DNA damages caused by cellular metabolites and environmental agents induce mutations, that may predispose to cancer. Nucleotide excision repair (NER) is a major cellular defence mechanism acting on a variety of DNA lesions. Here, we show that spontaneous mutant frequencies at the Hprt gene increased 30-fold in Tlymphocytes of 1 year old Xpc 7/7 mice, possessing only functional transcription-coupled repair (TCR). Hprt mutant frequencies in Xpa 7/7 and Csb 7/7 mice that both have a defect in this NER subpathway, remained low during ageing. In contrast to current models, the elevated mutation rate in Xpc 7/7 mice does not lead to an increased tumour incidence or premature ageing. Oncogene (2000) 19, 5034 ± 5037.
Keywords: nucleotide excision repair; Hprt; mutation; cancer; transgenic mice NER is a versatile repair process capable of removing a large variety of DNA lesions from the genome and consists in mammalian cells of two sub-pathways (Hoeijmakers, 1994; Friedberg et al., 1995; Wood, 1996) . So-called global genome repair (GGR) eliminates DNA lesions throughout the genome, whereas transcription-coupled repair (TCR) is responsible for the removal of lesions from the transcribed strand of transcriptionally-active genes (Bohr et al., 1985; Mellon et al., 1987) . Mutations inactivating either one or both pathways have been found within the human photosensitive disorders xeroderma pigmentosum (XP) and Cockayne syndrome (CS). Cells from XP genetic complementation group A (XP-A) patients are completely NER-de®cient, whereas cells from XP-C and CS-B patients are selectively defective in GGR and TCR, respectively (Hoeijmakers, 1994) .
Mice that are defective in NER have an increased predisposition to skin cancer and cancer of internal organs following exposure to a variety of DNAdamaging agents (De Vries et al., 1997; Van der Horst et al., 1997; Berg et al., 2000) . However, little is known about the biological consequences of defective NER in mammals in the absence of deliberate exposure to DNA-damaging agents such as UV radiation. In the present study we have addressed the long-term biological consequences of dysfunctional NER by examining the frequency of spontaneous mutations at the Hprt locus in splenic Tlymphocytes of mouse models for human XP-A (De Vries et al., 1995) , XP-C (Cheo et al., 1997) 76 while the frequency in Xpa-and Csbdefective mice remained at background levels ( Figure  1 ). No increase was detected in the frequencies of aneuploidy and stable translocations in cells isolated from bone marrow and the spleen of 1 year old Xpc 7/7 mice, indicating that the overall genomic stability is not aected in these animals (unpublished data). Aged Xpc +/7 mice also exhibited a signi®cantly elevated mutant frequency ( 5610 76 ), re¯ecting an haploinsuciency of the Xpc locus. Allelic insuciency for Xpc has previously been reported with respect to an increased predisposition to UVB radiation-induced skin cancer in aged Xpc +/7 mice . The observation of an enhanced spontaneous mutation frequency in Xpc 7/7 mice is unexpected, since NER typically operates on bulky types of base damage caused by exposure to environmental agents such as UV radiation and mutagenic chemicals. In an eort to determine whether the accumulation of spontaneous mutations in Xpc-defective mice is associated with the accumulation of a speci®c spontaneous lesion in DNA, mutational spectra were established for the Hprt gene in young and ageing mice (Table 1) . In young Xpc 7/7 mice the majority of the base changes were GC?AT transitions (30%) and AT?TA transversions (35%), with aected G and T residues located exclusively in the non-transcribed strand (NTS). In contrast, based on the limited number of mutants that we have analysed, the most frequent mutations in older Xpc 7/7 mice seem to consist of GC? TA transversions (45%) in which all aected G residues were exclusively in the NTS (Table 1) . Oxidized bases such as 7,8-dihydro-8-oxoguanine (8-oxodG) are known to contribute to endogenous DNA damage during ageing (Fraga et al., 1990 ) and 8-oxodG induces GC4TA transversions (Shibutani et al., 1991) . However, it is unlikely that an accumulation of 8-oxodG underlies the observed increase of GC?TA transversions in ageing Xpc 7/7 mice, since in human cells the XPC protein is not required for the repair of 8-oxodG (Le Page et al., 2000) . It has recently been reported that purine cyclodeoxynucleosides induced by oxygen free radicals are processed by NER (Kuraoka et al., 2000) . Conceivably these lesions play a role in the accumulation of mutations in Xpc 7/7 mice. However, the processing of these lesions by NER does not explain the observation that Xpa 7/7 mice, that are totally defective in NER, do not accumulate spontaneous mutations in the Hprt gene. It may be that XPC (but not XPA protein) is speci®cally required for the repair of some form of spontaneous base damage, perhaps by a novel DNA repair pathway. In this regard it is interesting to note that Xpc 7/7 mice (Reis et al., 2000) (but not Xpa 7/7 mice, unpublished results) that are additionally heterozygous defective in the p53 gene, manifest a very high frequency of point mutations at a non-dipyrimidine site in codon 122 of the remaining p53 allele in skin tumors that develop following exposure to UVB radiation. These mutations may re¯ect a speci®c failure of Xpc mice to repair a minor (non-dipyrimidine) type of photoproduct .
Other phenotypic dierences between Xpc and other NER defective mice provide an alternative possible explanation for the observation of age-dependent increased spontaneous mutagenesis in the former animals. It has recently been observed that the apoptotic response of keratinocytes from Xpc 7/7 mice exposed to UVB radiation is similar to that of wild type cells (Ananthaswamy et al., 1999) . In contrast, enhanced levels of apoptosis are observed in keratinocytes of UVB-irradiated Xpa-and Csb-defective mice (Van Oosten et al., 2000) . Since both Xpc 7/7 and wild type mice are pro®cient in TCR, whereas Xpa 7/7 and Csb 7/7 are both defective in this process, the rate of apoptosis may be directly related to the pro®ciency of TCR. Studies in human XP-A, XP-C and CS-B ®broblasts have lead to the hypothesis that arrest of RNA polymerase II driven transcription is a trigger for induction of p53-dependent apoptosis at low doses of DNA damage (Ljungman and Zhang, 1996; Dumaz et al., 1997; McKay et al., 1998 ; Yamaizumi and Sugano, Figure 1 Spontaneous Hprt mutant frequencies in NER-de®-cient mice. Both male and female mice of the various NER de®cient strains and their heterozygous littermates were sacri®ced at dierent ages and spleens were isolated to determine spontaneous mutant frequencies at the Hprt gene. Xpc mice were bred in a mixed genetic background (129/Sv/Ev-C57B1/6), Xpa and Csb as well as p53 +/7 mice were all in C57B1/6 background (F8-F9 generation). Genotyping of the dierent NER de®cient mice was performed via allele-speci®c PCR analysis or Southern blot analysis. Isolated T-lymphocytes were stimulated for 2 days at 378C, 5% CO 2 in the presence of Concavalin A, and then plated in 96 wells plates to culture for 7 days in the presence of lethally irradiated SP2/0 feeder cells and 6-thioguanine as selecting agent (Tates et al., 1994; Wijnhoven et al., 1998) . Calculation of cloning eciencies and mutant frequencies was performed as described (Tates et al., 1994) . The age of Xpa 7/7 , Csb
7/7
, Xpc +/7 and wild type mice at the time of killing was either 15 ± 17 weeks (4 months) or 12 months. Xpc 7/7 mice were 4, 12 or 18 months old. The number of mice within one genotype and age group varied between 8 and 20. The group of wild type mice consisted of C57B1/6 mice and Xpa +/7 and Csb +/7 mice that were considered to be wild type for Hprt mutant frequencies in this experiment RNA was isolated from 6-thioguanine-resistant clones obtained from 18 young and 14 old Xpc 7/7 mice. After cDNA synthesis and PCR, the Hprt coding region was sequenced as described previously (Wijnhoven et al., 2000) .
b Hprt mutant frequencies were obtained from Figure 1 .
c The mean Hprt mutant frequency data of 12 and 18 months old Xpc 7/7 mice. Mutational spectra from these two time points were pooled. ) cells that accumulate spontaneous DNA-damage as a function of age are preferentially eliminated by a p53-dependent apoptotic pathway. This model predicts that increased spontaneous mutagenesis would be manifest in Xpa 7/7 mice that are defective in the p53 gene. ) compared to that observed in wild types and both single mutant mouse strains of the same age (Figure 2 ). While Hprt mutant frequencies in wild type and Xpa 7/7 mice remained at background levels during ageing (Figure 1) , a statistical signi®cant increased mutant frequency was observed in 6 months old Xpa 7/7 /p53 7/7 double mutant mice to 4610 76 (Figure 2 , P50.02, Student's t-test). We suggest that the unique combination of functional TCR and defective GGR in Xpc-defective mice promotes the survival of cells with persistent spontaneous base damage, resulting in a dramatically increased spontaneous Hprt mutant frequency in splenic T-lymphocytes of aged Xpc 7/7 mice. Premature ageing has previously been correlated with increased Hprt mutant frequencies (Odagiri et al., 1998) . However, no obvious signs of premature ageing were observed in our 12 ± 18 months old Xpc 7/7 mice. The types of DNA damage accumulating with age might be capable of causing base-pair substitutions while hardly producing chromosomal rearrangements. Furthermore, in spite of the elevated spontaneous mutation rate, Xpc-defective mice do not develop spontaneous tumours at a younger age than wild type, Xpa 7/7 or Csb 7/7 mice . In order for tumours to develop, both gene mutations and chromosomal aberrations are probably necessary.
